INTRODUCTION

44
The acute response to stress consists of a relatively stereotyped series of physiological programs to promote 
71
The CHOP gene encoding the bZIP transcription factor, CHOP [C/EBP homology protein, also called
72
GADD 153], is unregulated by JNK2 kinase and activator protein-1 (AP-1) (8) in response to the UPR (9).
73
Studies using CHOP-null mice have established its role in ER-stress-induced apoptosis; CHOP deletion 74 protects against the lethal consequences of prolonged UPR (10). Because both cells and animals lacking CHOP
75
are protected against different physiological problems, CHOP may have a role in different cellular functions,
76
possibly impacting both viability and apoptosis (11). However, it is not clear whether CHOP is directly
77
inducing apoptosis or whether cell dysfunction and death arise as a secondary consequence of CHOP activity.
78
CHOP likely has a protective role in maintaining ER function, and CHOP expression in response to stress 79 impacts mitochondrial biogenesis through its chaperone activity (10).
80
Impaired stress response arises from either primary defects in the adrenal gland or secondary hypothalamic 
183
Basic mitochondrial activity was determined in terms of ATP production, and mitochondrial activity was 
199
Gas chromatography-mass spectrometry (GC-MS)
201
The spots extracted from TLC plates were subjected to GC-MS analysis (Agilent 7890 GC and 5975C 
223
The dephosphorylation studies were performed with 10 mM Tris (pH 7.4), where purified mitochondria 
249
(BioTek Synergy HT, CA) at 650 nm and the concentration was determined through an internal standard.
250
Computational modeling of 3βHSD2
251
Amino acid and nucleotide sequences were retrieved from the Swiss Protein Database (26). Next we 252 performed the modeling using the Pymol Molecular Graphics system (Version 1.3 Schrodinger, LLC) (27) as 253 described before (28).
254
Electron microscopy (EM)
255
To analyze the subcellular localization of 3βHSD2 and Tom22 in the mitochondria of both the 
267
the sections were incubated with HQ Silver TM (Nanoprobes) for 8 min for silver enhancement, followed by 268 washing in deionized H₂O.
269
For double immunolabeling, the same sections were first labeled with a 
294
(www.povray.org). The MD simulations were performed using the AMBER03 force field (29). The simulation
295
cell was filled with water, the pH was fixed to 7.4, and the AMBER03 (37) electrostatic potentials were 296 evaluated for water molecules in the simulation cell and adjusted by addition of sodium and chloride ions. The
297
final MD simulations were then run with AMBER03 force field at 298K, 0.9% NaCl and pH 7.4 for 500 ps to 298 refine the models. The best models were selected for analysis and evaluation.
299
Figure preparation and statistical data analysis
300
The images were obtained from the autoradiogram or scanning through a phosphorimager and the data 301 analysis was performed using Origin software (OriginLab Corporation, Northampton, MA) or Microsoft Excel.
302
The mean of the data was compared between different animal groups and p-value was significantly concerned 303 at 0.05 levels. The data analysis was performed by hypothesis testing for quantifying group comparisons. The 304 parameters were compared between two specific groups and p-value was determined by Student's t-test.
305
RESULTS
306
Acute stress increases adrenal steroidogenesis in vivo
307
Within the lumen of the ER, protein chaperones assist in folding newly synthesized polypeptides and 308 preventing aggregation of unfolded or misfolded proteins (38). The most abundant ER chaperone, GRP78, is 309 responsible for maintaining the permeability barrier of the ER during protein translocation, and associates with 310 the transmembrane ER stress sensors, IRE1-1 and ATF6 (Fig. 1B) . Thus, we determined the impact of ER identified an effect on mitochondrial metabolic activity. Specifically, ER stress induced by a change in protein was highly induced with exposure to stress (Fig. 1C) .
316
To understand the effect of increased CHOP expression on mitochondrial activity, we next determined 317 pregnenolone and progesterone synthesis in response to stress. As shown in Fig. 1D 
322
To understand the effect of stress on progesterone synthesis, we performed metabolic conversion assays
323
to evaluate pregnenolone to progesterone conversion. As shown in Fig. 1E , progesterone synthesis increased in reaction from both Fig. 1D and 1E (bottom panels) shows that 3βHSD2 and VDAC2 levels were similar.
0.0003) after stress (Fig. 1F) . Thus, stress increased the availability of the substrate, pregnenolone (Fig. 1D) , by 328 two-fold, in the absence of large changes in protein expression. Because protein folding is a rapid process,
329
stress may have induced changes in 3βHSD2 folding, which may be mediated by CHOP.
330
Cytoplasmic CHOP interacts with MAM-associated StAR
331
To determine the role of CHOP in folding IMS-resident proteins, we established stable MA-10 cells Tables 1 and 2 , the proteins present in both the complexes from the WT cells, including
341
MAM-and OMM-resident proteins, were similar, suggesting that the 550 kDa complex (Table 2) 
348
To understand the impact of stress and, therefore, CHOP expression on 3βHSD2 and Tom22
349
interaction, we performed co-IP analysis with adrenal mitochondrial fractions. Under unstressed conditions,
350
3βHSD2 interacts with StAR, VDAC2, but not with Tom22 (Fig. 2B, top panel) . However, Tom22 antibody 
354
the interaction between 3βHSD2 and StAR was increased, and interaction between 3βHSD2 and Tom22 was 355 observed (Fig. 2C, top panel) . As expected, CHOP expression was induced (Fig. 2C, bottom panel) . In the
356
CHOP-null mice after stress, no interaction was noticed between StAR and Tom22 ( 
361
remained unchanged (Fig. 2E) . As expected nonsteroidogenic COS-1 cells only expressed VDAC2, GRP78,
362
calnexin and HSP70, but not StAR and 3βHSD2 (Fig. 2E) . We have also examined mitochondrial viability by 363 measuring the ATP release before and after addition of increasing amounts of mCCP to the mitochondria 364 isolated from WT and ΔCHOP MA-10 cells. As shown in Fig. 2F , no difference in mitochondrial ATP content or Tom22. Given that the majority of CHOP is found within the ER and MAM (Fig. 2G, top 
378
terminus is exposed to the IMS. Thus, it is likely that the L2 loop comprising the acidic amino acids
379
"EEDDDEELD" might be responsible for interaction with proteins from the cytoplasm, including StAR.
380
However, the complete unstructured L8 loop in combination with the H8 helix might be responsible for 381 interaction with 3βHSD2. Furthermore, the basic amino acids within the smaller transmembrane loop L6 may 382 participate in interaction; however, its short length makes this less likely because of the cost of entropy required 383 for opening will be higher than the energetic stabilization forming complex. Taken together, the loose regions
384
of Tom22 (Fig. 2H) facing the IMS are likely critical for its interaction with 3βHSD2, which has a flexible 385 conformation.
386
To identify specific amino acids required for Tom22-3βHSD2 interaction we expressed Tom22 mutants, in 387 which an L2 aspartic acid (amino acids 35 and 37) or glutamic acid (amino acid 39) is changed to an alanine, in
388
ΔTom22 MA-10 cells. As shown in Fig. 3A (top panel), Tom22 siRNA reduced Tom22 expression by >90%,
389
and expression of WT, D35A and D37S amino acids restored Tom22 expression to levels similar to untreated
390
MA-10 cells. The E39A and Δ35-39 Tom22 restored about 50% expression. VDAC2 expression remained 391 unchanged (Fig. 3A, bottom panel) . Mitochondrial compartmental fractionation (Fig. 3B) 
397
( Fig. 3C, top and second panels) . The accuracy of mitochondrial fractionation was confirmed by staining the 398 same fractions with the mitochondrial matrix protein, COX-IV, the OMM-associated VDAC2, the IMS resident 399 protein 3βHSD2 and the IMM-associated Tim23 (40).
400
We next confirmed the localization of WT and mutant Tom22 through immune electron microscopy 401 staining with Tom22 and 3βHSD2 antibodies independently and also together. WT Tom22 was present at the 402 OMM (Fig. 3D , left bottom panels, red arrow). Co-staining for the IMS resident, 3βHSD2, confirmed that
403
Tom22 (red arrows) was present at the OMM while 3βHSD2 (blue arrows) was localized inside the 404 mitochondria ( Fig 3D, right panels) . The bottom panels show an enlarged view of mitochondrion presented 405 above. Similar analyses with the Tom22 mutants revealed that 3βHSD2 (blue arrows) was present inside the 406 mitochondria while the Tom22 mutants (red arrows) were at the OMM (Fig. 3E) . In summary, within the L2
407
loop region facing the cytoplasm whether it is a point mutant or substitution of four amino acids still Tom22 408 folding remained unchanged.
409
Analysis of metabolic conversion of pregnenolone to progesterone showed that it was greatly reduced upon
410
Tom22 knockdown (from 16.5 to 5 ng/mL) (Fig. 3F) . Furthermore, expression of the D35A or E39A mutants
411
did not restore metabolic activity as compared to the D37S mutant (Fig. 3F) ; the activity resulting following 412 transfection with the triple mutant, D35A, D37S and E39A (35-39 Mut), was reduced by 90%. Overexpression
413
of WT Tom22 restored metabolic activity by >80%. Similar results were observed when we analyzed the 414 metabolic conversion of 14 C-cholesterol to 14 C-pregnenolone (Fig. 3G) . In summary, the L2 loop region of
415
Tom22 may play a significant role in regulating metabolic activity.
416
3βHSD2 is a loosely folded protein, and it is likely to interact with the loosely binding regions of Tom22.
417
We next analyzed the interaction of the Tom22 mutants with 3βHSD2 by co-IP analysis. As shown in Fig. 3H 
437
Although progesterone conversion was not restored with M131R expression, it was restored upon 438 expression of all other Tom22 mutants, Q118L, T125I, N124K, and A134D (Fig. 4D) . Although amino acids MCB 00411-16R1 18 large amino acid with a long carbon chain. There is possibly a change in conformation from methionine to
447
Arginine of M131R resulting in loss of activity. However, it is possible that the A134D mutant is present
448
inside the loop and thus it is not easily accessible to 3βHSD2 exposed sites for interaction resulting no loss in 449 activity. In summary, these results confirmed that metabolic activity is increased due to the presence of CHOP
450
in the cytoplasm, which acted on the charged amino acids of L2 loop, and that L8 loop is responsible for
451
interaction with 3βHSD2 at the IMS.
452
Metabolic activity is dependent on phosphate circulation
453
We next sought to identify the condition in which Tom22 facilitates metabolic activity at the IMS. We 
458
synthesis more than 2-fold in comparison to the absence of stress (Fig. 1D) ; therefore, we hypothesized that the
459
OMM receptor, Tom22, possibly facilitates interaction with 3βHSD2 while interacting with StAR-VDAC2,
460
resulting in increased enzymatic activity at the IMS in the presence of circulating phosphates. CHOP is 461 expressed during stress, and facilitates interaction with 3βHSD2 through the StAR-VDAC2-Tom22 complex
462
( Fig. 2C ) and, thus, possibly plays a central role in increasing the circulation of phosphates in association with
463
Tom22. However, no changes in adrenal 3βHSD2, Tom22, and VDAC2 expression were detected in either WT
464
or CHOP-null mice in response to stress (Fig. 2E) . Thus, we first attempted to determine a change in cellular
465
architecture by immunohistochemistry analysis of Tom22, StAR, 3βHSD2, Aldosterone Synthase (AS), and
466
VDAC2 expression ( Fig. 5A and B) ; however, no remarkable change was noticed. Furthermore, EM analysis
467
following Tom22 and 3βHSD2 staining showed that the mitochondrial architecture was not altered (Fig. 5C ).
MCB 00411-16R1 20 the reduction in activity is due to the change in amino acids. To our surprise, mutating the bulky arginine at 501 position 183 to glutamine also ablated 3βHSD2 activity similarly to the S123A or S124A mutants. Western blot
502
analysis of the transfected cells showed similar levels of mutant 3βHSD2 expression as compared to the WT 503 protein (Fig. 6G, top panel) ; VDAC2 expression levels were also similar (Fig. 6G, bottom panel) . To confirm
504
whether the inactivity is due to conformational change and not on phosphorylation, we changed S123A to 505 S123T and similarly S124A to S124T. Also to completely rule out any error we also developed a combined 506 serine to threonine mutant together of the 123 and 124 residues. The activity from S123T and S124T combined 507 mutation or individual mutation ablated activity completely, suggesting that the reduction in activity is possibly 508 due to change in amino acids not likely due to phosphorylation (Fig. 6H) . Western blot analysis of the 509 transfected cells showed similar levels of mutant S123T and S124T 3βHSD2 expression as compared to the
510
WT and the amount of protein content applied in each lane was also identical as observed by staining with
511
VDAC2 antibody (Fig. 6I) . In summary, our results confirm that the reduced activity observed in the other 512 mutants was likely not due to reduced phosphorylation but due to a change in the amino acids.
3βHSD2 conformation is stabilized by the circulation of phosphates
514
To better understand the role of phosphate circulation on Tom22 and 3βHSD2 function, we isolated 515 mitochondria from MA-10 cells, which were devoid of phosphate. After various concentrations of phosphates
516
were added, the complexes were isolated, solubilized with digitonin, and analyzed by native gradient PAGE
517
and staining with a 3βHSD2 antibody (Fig. 7A) . The intensity of 450 kDa complex was increased more than 518 3.5 fold on addition of 5 mM phosphate to the phosphate deprived cells, but the intensity decreased 519 dramatically with concentrations more than 15 mM ( Fig. 7A and B) . As a comparison, we isolated the 520 mitochondria from MA-10 cells, then added various concentrations of phosphate and analyzed in an identical 521 fashion as described above (Fig. 7C) . The bottom panels show that the same amount of mitochondrial proteins 522 was applied in each reaction ( Fig. 7A and C) . In the absence of phosphate, two complexes of 750 kDa and 450 523 kDa were observed (Fig. 7A ). In the presence of low phosphate concentrations, the 450 kDa complex became 524 more intense (Fig. 7C) 
541
At 33˚C, the enthalpy (ΔH) of 3βHSD2 was 1.2 kCal/mol, increasing to 4.1 kCal/mol at 50°C (Fig. 7E) .
542
When the salt concentration was increased to 1.0 M, the two-step unfolding was lost due to salt-induced 543 denaturation (Fig. 7F) . As seen from the model structure (Fig. 6E) , the globular structure is extremely flexible.
544
Thus, it is likely that the intramolecular association is favored by the phosphate anion on the positively charged 545 amino acids, changing 3βHSD2 organization even at lower temperatures. In presence of phosphates, an 546 equilibrium between the initial state of unfolding from N →I u ⇔Pu ≥ IU(Tm)→D to the unfolded state occurs 547 through a three-step process (Fig. 7G ). 3βHSD2 conformation from the initial unfolding state (Iu) to the 
574
The expression of CHOP through stress coincided with increased mitochondrial metabolic activity.
575
Because serum phosphate concentrations in CHOP-null mice exposed to stress were reduced by approximately
576
20% as compared to WT mice exposed to stress (Fig. 6A) , we hypothesized that an increase in mitochondrial 577 phosphate supply could stabilize 3βHSD2 conformation, increasing metabolic activity that resulted in >2-fold 578 progesterone synthesis. The presence or absence of CHOP expression did not alter the expression of other ER-579 resident or mitochondrial proteins. Because CHOP is a chaperone, it may assist in the folding of Tom22 and StAR, especially given that it was located both in the ER and MAM regions of adrenal cells. Tom22 is a MAM-analysis in the absence of stress (Fig. 2B, top panel) . Similarly, StAR is synthesized on acute hormonal 584 regulation or during stress, remaining at the MAM prior to loading onto the VDAC-containing region of the
585
OMM. Tom22, VDAC2, and StAR are all part of a MAM fraction. There is a partial interaction between
586
Tom22 and 3βHSD2 at the IMS, but interaction is stronger under stress condition. It is possible that stress 587 generated changes in the conformation of StAR that were mediated by the chaperonic properties of CHOP.
588
Expression of Tom22 mutants did not fully restore the metabolic activity of ΔTom22 cells, suggesting that 589 the mutants were possibly misfolded as their accurate localization was confirmed. Although Tom22 appears 590 flexible, it may become significantly structured upon OMM integration, especially given that the mutation in 591 the H8 helix did not ablate activity but a mutation in the unstructured loop region (L8) completely ablated 592
activity. An L2 mutant also failed to interact with 3βHSD2 via co-IP analysis, suggesting that this region is 593 crucial for metabolic regulation at the IMS. Since StAR residency is shorter at the MAM and longer at the MCB 00411-16R1 24 addition of low concentrations of phosphate with higher phosphate concentrations stabilizing the 750 kDa 608 complex alone (Fig. 7A) , suggesting that the presence of phosphate increased association of Tom22 with the 609 neighboring proteins from the OMM-exposed region. The association is possibly facilitated by the stabilization 610 of 3βHSD2 conformation as confirmed by its higher Tm (Fig. 7E and F) . Thus, the circulation of phosphates 611 possibly facilitates the stabilization of 3βHSD2 in a dynamic state and may be mediated by the presence of
612
CHOP interacting with Tom22 or StAR-Tom22.
613
The molecular identity of the mitochondrial permeability pore, which is comprised of dimers of the 
780
The metabolic reaction was initiated with NAD and Trilostane (Tril) was applied as an inhibitor of 3βHSD2 
804
Data in panel F is the mean ±SEM of at least three independent experiments performed at three different times. 889 Table Legends 890 Table 1 
805
